BACKSCATTER ABSORPTION GAS IMAGING SYSTEMS AND LIGHT 

SOURCES THEREFORE 

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR 

DEVELOPMENT 

[0001] This invention was made with Government support under contract No. DE- 
AC04-94AL85000 awarded by the U. S. Department of Energy to Sandia Corporation. 
The Government has certain rights in the invention. 

FIELD OF THE INVENTION 
[0002] The present invention relates generally to light sources and systems for gas 
detection systems, and more particularly, to wavelength tunable light sources and gas 
imaging systems employing tunable light source. 

BACKGROUND OF THE INVENTION 
[0003] Most gases are invisible to the unaided human eye, particularly at low 
concentrations. It is thus difficult, and sometimes impossible, to visually determine the 
presence and extent of releases of these gas into the environment. The ability to rapidly 
detect and track hazardous gases in the atmosphere would greatly aid public safety and 
health, and would be useful and in determining the source of gaseous leaks in general. 
For example, accidental toxic or combustible gas releases can occur from malfunctioning 
industrial equipment or from accidents involving the transport of bulk hazardous 
materials. These releases can rapidly diffuse into the surrounding air and move with the 
prevailing wind. While the safety of the public would be greatly enhanced in such 
circumstances by the easy determination of the location, extent, and motion of these 
gases, there is no device that is capable of providing this information. 

[0004] The detection of leaks is of concern in industrial settings. For example, the 
natural gas and petroleum industries are mandated by law to regularly perform leak 
surveillance of their processing hardware and product pipelines. Existing detection 
technology is labor intensive and costly, requiring manually use of equipment that 
measures at a single point and in close proximity to the leak source. Leak inspections 
thus require approaching within 1 cm of tens of thousands of potential leak points per 
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facility. In addition, point measurements of gas concentration do not provide information 
on the volume of release, and are of limited use in quantifying the amount of gas in a 
leak. 

[0005] Backscatter absorption gas imaging (BAGI) is one advanced technique that 
shows promise for remotely producing real-time video images of otherwise invisible 
gases. A BAGI system consists of a light source that produces radiation that is absorbed 
by a gas of interest and a video camera that collects the light to produce images of the 
extent of the gas within an imaged scene. Specifically, light is directed to illuminate an 
area having a solid object (e.g., a wall) in the camera's field of view. The solid object 
scatters light back towards the camera, and if the gas of interest is present, it will absorb 
the backscattered light. Light that is thus backscattered is imaged, or processed to 
produce an image, of the scene that can be interpreted by the BAGI system user to 
determine the presence and position of gas in the environment. A BAGI image, for 
example, can consist of light and dark regions according to the amount of absorbing 
gases present. Brighter regions correspond to scenes having no, or small amounts of, 
absorbing gases, and darker regions correspond to scenes having higher amounts of 
absorbing gases. By adjusting the wavelength of the BAGI light source to correspond to 
the absorption of different gases, BAGI systems can produce images of the extent of 
these different gases. 

[0006] The camera of a BAGI system thus produces an image of source light that is 
backscattered to the camera from solid surfaces in the scene of the camera field-of-view. 
As such, BAGI is limited to producing images of scenes containing a solid surface. 

[0007] Prior art BAGI systems suffer from limitations that prevent them from being 
generally useful in producing real-time video images of gas in the environment. In 
particular, a useful BAGI system should have a light source that is 1) easily adjustable to 
provide light that is both transmitted through the atmosphere and absorbed by gases of 
interest, 2) has an output power high enough to enable measurements to be made at a 
distance, and 3) have low power consumption so the system can be portable. Prior art 
systems do not meet all of these requirements. In particular, no BAGI system exists that 
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meets these requirements for imaging hydrocarbon gases. Another requirement for a 
useful BAGI system is compatibility with common and inexpensive cameras. This 
requirement is met with a light source that emits light compatible with scanning cameras. 
Pulsed format BAGI systems are not compatible with these cameras. 

[0008] The lack of BAGI instrumentation that can address particular market needs 
has significantly impacted the size of the available market for BAGI instrumentation and 
has deprived certain industries of the benefits of the technology. For example, the 
petroleum industry is mandated to perform leak detection on a quarterly basis at each of 
their processing refineries. This is currently done using manually-positioned probes that 
must be placed in close proximity to thousands of potential leak points during a survey. 
A typical large refinery spends approximately $1,000,000 per year in leak detection and 
repair activities. The petroleum industry has recognized the potential of gas imaging as a 
means to perform these operations more rapidly. The American Petroleum Institute 
(API) recognizes gas imaging as a means to satisfy their goal of Smart Leak Detection 
and Repair (Smart LDAR). Prior to the invention described in this document, however, 
BAGI could not meet this need due to the lack of instrumentation capable of viewing 
hydrocarbon leaks, which are the primary emissions at a refinery. Similar unfulfilled 
needs exist in the natural gas industry, which must perform mandated leak detection 
operations on natural gas leaks in their pipelines and processing facilities. There, 
detection of natural gas (primarily methane) is required, which is again not possible with 
existing BAGI instrumentation. The need for a hydrocarbon-imaging BAGI system has 
existed for over fifteen years but remains unfulfilled. 

[0009] The spectral requirements of a BAGI light source can be met with a 
spectrally -narrow and tunable light source that generates sufficiently powerful radiation 
in the infrared (IR). Specifically, the needs described in the previous paragraph can be 
met by illuminating with light in the wavelength range between 3 and 4 \im (frequencies 
between 2500 and 3333 cm" 1 ) as some of these wavelengths correspond with 
spectroscopic features of hydrocarbon gases and are efficiently transmitted through the 
atmosphere. 
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[0010] Unfortunately, there is no commercially available, wavelength tunable 
infrared (IR) light source that meets all of the requirements for a BAGI system suitable 
for use in hydrocarbon leak detection and, thus, much of the work in developing BAGI 
systems has been directed to light source development. One light source that can 
potentially fulfill the needed requirements is the combination of a near-IR light source, 
such as a laser or diode with output at a wavelength of about 1 Jim, that acts as a pump 
beam for a nonlinear frequency converter with an output in the 3 to 4 |um (2500 to 3333 
cm' 1 ) range. A range of output wavelengths results from tuning the light source and/or 
the frequency converter. 

[0011] Currently available light sources using nonlinear frequency converters have 
limited utility as a BAGI light source. While these sources generate light of a useful 
wavelength, tunable near 3.3 urn, the power levels of 200 - 300 mW are insufficient to 
operate at distance greater than 2 - 4 m. In addition, these light sources suffer from other 
deficiencies that hinder their usefulness in portable devices. These limitations include: 
unstable light source behavior that varies from day-to-day, less than theoretical tuning 
range and power in practice, excessive light source cooling requirements, and difficulty 
in servicing the light source. 

[0012] In summary, there are no known devices available either in development or 
in the marketplace that meet the requirements of a BAGI light source suitable for 
hydrocarbon detection in a useful way. 

[0013] Therefore, it would be desirable to have a system that provides a portable gas 
imaging system, and thereby enables the use of gas imaging systems to sense the 
presence of leaks of hazardous or other visually transparent gases. 

SUMMARY OF THE INVENTION 
[0014] The present invention provides a method for constructing a compact, rugged, 
broadly-tunable, and laser-illuminated imaging system that is suitable for BAGI. 

[0015] In one aspect of the present invention, a BAGI system and a light source for a 
BAGI system is provided having a fiber-based light amplifier. 
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[0016] In another aspect of the present invention, a BAGI system and a light source 
for a BAGI system is provided that is portable and that is tunable over wavelengths near 
3 jam, with a potential for tuning from 1.3 to 4 \im with an adjustment of components. 

[0017] In yet another aspect of the present invention, a BAGI system and a light 
source for a BAGI system is provided having a tunable light-generating device, an OF A, 
and an optical parametric oscillator (OPO). The OPO can either have a fixed operating 
configuration, or can have a cavity that is tunable. 

[0018] In one aspect of the present invention, a BAGI system and a light source for a 
BAGI system is provided having a OPO with a periodically poled lithium niobate 
(LiNbOa), or PPLN, crystal as a nonlinear material. 

[0019] In yet another aspect of the present invention, an air-cooled amplifier is 
provided for a light source and for a light source of a BAGI system. The air-cooled 
amplifier allows for lower power operation than is available in the prior art. 

[0020] One aspect of the present invention provides illumination for a scene for a 
BAGI system including a light-generating device operating at an ambient temperature 
producing light at more than one wavelength, and optical fiber amplifier, and a nonlinear 
frequency converter. The optical fiber amplifier has at least one pump laser, accepts light 
from the light-generating device and produces amplified light at said more than one 
wavelength. The pump laser is an air-cooled pump laser, and the output of the optical 
fiber amplifier varies with the temperature of the pump laser. The nonlinear frequency 
converter includes an OPO to accept the amplified light and generate an output of the 
light source at wavelengths shifted from and corresponding to each of the more than one 
wavelength. The optical fiber amplifier also has a gain medium, and the absorption of 
the pump laser by said gain medium varies by no more than about 10% over a range of 
ambient temperatures of said light source from about 0 C to about 40 C. 

[0021] Another aspect of the present invention provides a light source to provide 
illumination for a scene for a BAGI system including a light-generating device producing 
light at more than one wavelength, an optical fiber amplifier to accept light from said 
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light-generating device and produce amplified light at said more than one wavelength, 
where the optical fiber amplifier is a Yb-doped, tapered optical fiber amplifier, an a 
nonlinear frequency converter including an OPO to accept the amplified light and 
generate an output of the light source at wavelengths shifted from and corresponding to 
each of said more than one wavelength. In one embodiment the optical fiber amplifier 
includes at least one pump laser that is sufficiently air-cooled to provide an amplifier 
output that varies by no more than 10%. 

[0022] Yet another aspect of the present invention provides a light source to provide 
illumination for a scene for a BAGI system including two or more light-generating 
devices, each producing light at more than one wavelength, a switch to select light from 
one of the two or more light-generating devices, an optical fiber amplifier to accept said 
selected light and produce amplified light at the more than one wavelength of said 
selected light, and an OPO to accept said amplified light and generate an output of the 
light source at wavelengths shifted from and corresponding to each of said more than one 
wavelength. 

[0023] Another aspect of the present invention provides a light source to provide 
illumination for a scene for a BAGI system comprising a diode-pumped fiber laser 
producing an output of light at more than one wavelength and a nonlinear frequency 
converter including an OPO to accept the output and generate an output of the light 
source at wavelengths shifted from and corresponding to each of said more than one 
wavelength. The diode-pumped fiber laser is an air-cooled laser, the output varies with 
temperature, and diode-pumped fiber laser is sufficiently air-cooled to provide an output 
that varies by no more than 10%. 

[0024] One aspect of the present invention provides a BAGI system for imaging a 
gas between the system and a scene comprising a light source and a camera responsive to 
backscattered illumination by said light source. The light source includes a light- 
generating device producing light at more than one wavelength, an optical fiber amplifier, 
and a nonlinear frequency converter. The optical fiber amplifier has at least one pump 
laser, accepts light from the light-generating device and produces amplified light at said 
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more than one wavelength. The pump laser is an air-cooled pump laser, and the output of 
the optical fiber amplifier varies with the temperature of the pump laser. The nonlinear 
frequency converter includes an OPO to accept the amplified light and generate an output 
of the light source at wavelengths shifted from and corresponding to each of the more 
than one wavelength. The optical fiber amplifier also has a gain medium, and the 
absorption of said pump laser by said gain medium varies by no more than about 10% 
over a range of ambient temperatures of said light source from about 0 C to about 40 C. 

[0025] Another aspect of the present invention provides a BAGI system for imaging 
a gas between the system and a scene comprising a light source and a camera responsive 
to backscattered illumination by said light source. The light source includes a light- 
generating device producing light at more than one wavelength, an optical fiber amplifier 
to accept light from said light-generating device and produce amplified light at said more 
than one wavelength, where the optical fiber amplifier is a Yb-doped, tapered optical 
fiber amplifier, an a nonlinear frequency converter including an OPO to accept the 
amplified light and generate an output of the light source at wavelengths shifted from and 
corresponding to each of said more than one wavelength. In one embodiment the optical 
fiber amplifier includes at least one pump laser that is sufficiently air-cooled to provide 
an amplifier output that varies by no more than 10%. 

[0026] Yet another aspect of the present invention provides a BAGI system for 
imaging a gas between the system and a scene comprising a light source and a camera 
responsive to backscattered illumination by said light source. The light source includes 
two or more light- generating devices, each producing light at more than one wavelength, 
a switch to select light from one of the two or more light-generating devices, an optical 
fiber amplifier to accept said selected light and produce amplified light at the more than 
one wavelength of said selected light, and an OPO to accept said amplified light and 
generate an output of the light source at wavelengths shifted from and corresponding to 
each of said more than one wavelength. 

[0027] One aspect of the present invention provides a BAGI system for imaging a 
gas between the system and a scene comprising a light source and a camera responsive to 
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backscattered illumination by said light source. The light source includes a diode- 
pumped fiber laser producing an output of light at more than one wavelength and a 
nonlinear frequency converter including an OPO to accept the output and generate an 
output of the light source at wavelengths shifted from and corresponding to each of said 
more than one wavelength. The diode-pumped fiber laser is an air-cooled laser, and 
where the output varies with temperature, and where diode-pumped fiber laser is 
sufficiently air-cooled to provide an output that varies by no more than 10%. 

[0028] In conjunction with the aspects of the present invention, several 
embodiments are provided for the elements of the light source and BAGI system. In one 
embodiment, the light-generating device is continuous-wave, and in another embodiment 
the light-generating device is quasi-continuous-wave light with a repetition rate greater 
than about 10 kHz. Light-generating device embodiments also include a multi- 
longitudinal-mode laser, such as a Nd: YAG laser, a laser diode, and a fiber laser. In yet 
another embodiment, the light-generating device produces wavelength tunable light, for 
example light tunable between two wavelengths. 

[0029] In one embodiment, the optical fiber amplifier is a Yb-doped, tapered fiber 
amplifier, and preferably the pump laser wavelength operates near 915 nm. 

[0030] In one embodiment the OPO includes an OPO with a cavity that tunably 
adjusts said wavelength output. In another embodiment, the OPO accepts the amplified 
light, generates a signal beam and an idler beam, and the OPO is singly resonant at the 
wavelength of either said signal beam or of said idler beam. In an alternative 
embodiment, the OPO is doubly resonant at the wavelength of said signal beam and at the 
wavelength of said idler beam. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0031] The foregoing aspects and the attendant advantages of this invention will 
become more readily apparent by reference to the following detailed description when 
taken in conjunction with the accompanying drawings wherein: 

[0032] FIG. 1 is a schematic diagram of an embodiment BAGI system of the present 
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invention that includes a source and a raster-scanned detector; 

[0033] FIG. 2 is a schematic diagram of a preferred embodiment CW light source 
for a portable BAGI system; 

[0034] FIG. 3 is a schematic diagram illustrating the details of one preferred light 
source; 

[0035] FIG. 4 is a schematic of the preferred embodiment OPO; and 

[0036] FIG. 5 is a schematic diagram of an alternative embodiment light source. 

[0037] Reference symbols are used in the Figures to indicate certain components, 
aspects or features shown therein, with reference symbols common to more than one 
Figure indicating like components, aspects or features shown therein. 

DETAILED DESCRIPTION OF THE INVENTION 
[0038] The light source of the present invention overcomes the problems associated 
with prior art light sources for remote gas detection systems, in particular light sources 
for BAGI systems. More specifically, the present invention provides a light source that 
can be used for portable gas imaging systems, and can be used, for example, in a battery- 
operated BAGI system. In addition, the light source of the present invention is more 
stable and tunable than CW prior art BAGI light sources operating near 3 urn, producing 
stable light of higher power at a lower electrical power input than is available in the prior 
art. 

[0039] As one example of the light source of the present invention, the light source 
will now be discussed as being incorporated into a BAGI system. The following 
discussion is for illustrative purposes and is not meant to limit the scope of the invention. 
Specifically, FIG. 1 is a schematic of a BAGI system 100 directed towards a gas G and a 
surface S. As discussed above, the BAGI system detects one or more gases of interest by 
illuminating a scene with laser light which is absorbed by the gases both in transit to and 
on reflection from a backscattering surface in the scene. Imaging thus requires that the 
gases to be imaged are between the BAGI system 100 and a surface S within the imaged 
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scene, and that illumination by the BAGI system occurs at a frequency of light 
corresponding to an absorption feature of the gases to be imaged. While the present 
invention is described as imaging gases that are between the BAGI system and a surface, 
neither the gas G nor the surface S is part of the present invention. 

[0040] BAGI system 100 includes a light source 1 10, a scanner 120, an IR detector 

130, a computer 101, and one or more batteries 103. Source 110 provides light that is 
directed to scan surface S by scanner 120. Scanner 120 also scans the instantaneous 
field-of-view (IFOV) of the IR detector. Thus detector 130 receives light originating 
from source 110 and that has been backscattered from surface S. Computer 101 controls 
the wavelength of the light in source 110 and the motion of scanner 120, which both 
projects the laser beam and controls the IFOV an infrared detector. The computer 
processes the detector signal to create a raster-scanned, laser-illuminated image of the 
scene, which can then be used to indicate the presence of gases, as described below. 
Scanner 120, detector 130, and computer 101 thus function as a raster-scanned camera 

131. The computer 101 can either be a single computer performing the functions 
described below, or can consist of computer processors or other electronic components 
distributed through BAGI system 100 to perform these functions. 

[0041] Light source 110, unlike the prior art BAGI light sources, is small, efficient, 
and has a low power consumption rate. As such, light source 110 provides a BAGI 
system that can be provided in a self-contained package, and that is portable and rugged 
enough for field use. Batteries 103 provide all of the electric power for the BAGI system 
100, including but not limited to the light source 110, scanner 120, detector 130, and 
computer 101. 

[0042] Source 110 produces light, shown as a beam 10, that is directed by scanner 
120 as a beam 20 towards surface S for imaging. Source 110, as described in detail 
below, generates beam 10 at a wavelength and power that is useful for BAGI. Scanner 
120 redirects beam 10 and with a moving or rotating mirror, prism, or lens, a solid state 
device such as an acousto-optic modulator, or other device that can direct beam 10 as 
beam 20 in a scanned pattern towards surface S, as indicated by reference numbers 21 
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and 23. As indicated in FIG. 1, a portion of beam 20 is backscattered from surface S 
towards detector 130, indicated as backscattered light beam 30. Also as indicated in FIG. 
1, a portion of the backscattered radiation falls within the IFOV of detector 130. As 
examples of scanned beam and the IFOV, beams 20 and 30 are shown in FIG. 1 as beam 
20* directed at a surface area S f and backscattered to detector 130 as backscattered beam 
30', and beam 20" directed at a surface area S" and backscattered laser light to detector 
130 as backscattered beam 30". 

[0043] The frequency of light in beams 10, 20, and 30 is the same, and is selected 
for its ability to be absorbed by gas G and to not be absorbed by the surrounding air. 
Importantly, the light produced by source 110 has a narrow spectral distribution, 
Av, about a central frequency v. It is preferred that frequency v of beam 10 is adjustable, 
allowing for tuning of the system to identify the gas species, differentiate between 
different gas species, and address a wide variety of gaseous species. In addition, it is 
preferred that the spectral distribution Av is within an absorption band of the gas to be 
imaged. These features allow BAGI system 100 to be tunable for detection of more than 
one gaseous species. In one embodiment, source 110 provides for tuning of v with steps 
of less than 1 cm' 1 over a broad spectral range of from approximately 2850 to 
approximately 3 150 cm" 1 or more. 

[0044] For a given backscattered light intensity, light that does not pass through gas 
G, for example light beam 30 f , has a higher intensity than does light that passes through 
gas G, for example light beam 30 M . The preferential absorption of backscattered light by 
gas G thus provides an image on a display D. FIG. 1 shows display D indicating a light 
shaded background and a dark shaded gas image. 

[0045] The presentation of backscattered gas images as image on a display D in FIG. 
1 is one representation of backscattered gas absorption data, and is not meant to limit the 
scope of the present invention. In particular, BAGI systems that present or process the 
backscattered light intensity information differently are within the scope of the present 
invention. Examples include, but are not limited to: still or moving images on a video 
monitor, images of processed signals that present false color, gray scales or contours 
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representative of concentration levels, images transmitted via wire or by radio to one or 
more location remote from the light source and detector, for example as might be 
convenient in a continuous remote monitoring station for an industrial plant. In addition, 
BAGI system 100 can collect images at different wavelengths of source light, and the 
collected images can be processed to spectroscopically speciate the absorbing gases in the 
image. 

[0046] As described below, computer 101 has appropriate computing capabilities or 
interfaces to control the generation of tunable light from source 110, to scan the light on 
surface S with scanner 120, to acquire images with detector 130 and to generate a display 
D of a gas image. As noted previously, computer 101 can either be one computer, or can 
include distributed computers or electronic components that work together. Thus, for 
example, scanner 120 and detector 130 can include electronic components that 
communicate therebetween to allow for synchronization. 

[0047] FIG. 2 is a schematic of a preferred embodiment CW light source 110 for a 
portable BAGI system. Specifically, source 110 includes a light-generating device, or a 
"seed" light source 210, an OFA 220, and a nonlinear frequency converter 230. Source 
210 produces a light beam A that is a seed for optical amplification in OFA 220, which 
amplifies beam A to produce beam B. Beam B is received as a "pump" beam by 
converter 230, which uses non-linear optical materials to shift the wavelength of the 
pump beam to a second wavelength of beam 10. In general, light source 110 is tunable 
through the adjustment of one or more elements of the light source. In one preferred 
embodiment, source 210 operates at fixed wavelengths and tuning is effected through 
changes in converter 230. In other embodiments, seed light source 210 can be tunable or 
can include two or more separate seed light sources of different wavelength, and 
converter 230 provides a fixed wavelength shift. In yet another embodiment, both the 
seed light source 210 and converter 230 are tunable. 

[0048] Source 110 generates beam 10 composed of light having a narrow spectral 
distribution, Av, centered about a frequency v as follows. Source 210 is preferably a light 
source that generates light over a small bandwidth, or spread of frequencies Av A about 
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central frequency v A . For example, source 210 can include, but is not limited to, one or 
more single-mode or multi-mode solid-state lasers, one or more laser diodes, or some 
combination of sources. For illustrative purposes, assume that beam A includes light at 
"n" individual frequencies v A i with corresponding intensities of Ui- 

[0049] Amplifier 220 is an optical amplifier having a gain medium and a pump 
source, as described subsequently, that simultaneously and individually amplifies the n 
frequencies of beam A to produce beam B having an increased power at each frequency 
v A j of I B i- It is preferred that amplifier 220 provides a stable output, providing light at a 
power and frequency that does not vary appreciably over time. Specifically, it is 
preferred that the output of amplifier varies by 10% or less for an ambient temperature of 
from about 0 C to about 40 C. The amplifier output is approximately proportional to 
absorbed pump power, and thus this requirement is roughly equivalent to a variation of 
the pump power in the amplifier gain medium of 10% or less. It is also preferred that 
stable operation of amplifier 220 is provided by air-cooling - that is, that the amplifier 
components, or any heat sinks attached to the components, are cooled by a flow of the 
surrounding of air, which may be provide for by a fan, without the use of any 
intermediate fluids, and furthermore are cooled without any devices, such as 
thermoelectric coolers (TECs) or other powered cooling or temperature control devices. 
The use of fiber-based components, such a fiber-based amplifier 220 is preferred and 
results in a compact, rugged, and electrically efficient BAGI system. 

[0050] Converter 230, as is also described subsequently, receives the light at the n 
frequencies, v Aj and powers I B i, and generates light at n different frequencies and powers 
through nonlinear mixing of light in an optical nonlinear material. For example, the 
converter input at frequencies v A i and power I B i is converted to beam 10 having 
frequencies Vj and power I;. The spread of frequencies of beam 10 thus reflects the 
spread of frequencies of beam A, and is preferably within the absorption band of a gas to 
be imaged. 

[0051 ] FIG. 3 is a schematic diagram illustrating one preferred light source 110, 
showing details of a preferred seed light source 210, a preferred amplifier 220, and a 
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preferred converter 230. Source 210 and amplifier 220 are optically coupled through a 
fiber 301, and amplifier 220 and converter 230 are coupled through a fiber 303. 

[0052] Source 210 includes a laser 211, Faraday isolators 213 and 215, a half-wave 
plate 217 and a fiber port 219 providing laser source output A. The polarization state of 
laser 211 is adjusted by rotating half-wave plate 217, with the output then directed into 
fiber-port 219, which contains a lens (not shown) to couple the seed radiation of laser 211 
into amplifier 220. In a preferred embodiment, laser 211 is a multi-longitudinal-mode 
Nd:YAG laser having an output of 500 mW at X A (corresponding to v A ) = 1 .0641 jam. 

[0053] The seed light source 210 output A is amplified by amplifier 220. It is 
preferred that amplifier 220 is a Ytterbium (Yb)-doped optical fiber amplifier that 
includes a Yb-doped, double-clad gain fiber 221, N separate pump light sources 225, 
denoted 225-1 to 225-N, and a tapered coupler 223. Pump light sources 225 are 
preferably diode light sources. Tapered coupler 223 accepts as input light from pump 
light sources 225 and provides it into the inner cladding of fiber 221 in a counter- 
propagating direction relative to output A, which propagates from the core of fiber 221 to 
the core of the tapered couple and injects it into an output fiber 227. The tapered-fiber 
coupling approach to pumping fiber lasers and amplifiers is described in U.S. Patent 
5,864,644 to DiGiovanni et al. 

[0054] Amplifier 220 accepts beam A into gain fiber 221 and the output from pump 
light sources 225 and interacts the light with the Yb-doped fiber to provide amplified 
output into the single-mode core of fiber 227. Specifically, the double-clad gain fiber 
221 serves as the gain medium of amplifier 220, and tapered coupler 223 provides a 
junction between the multimode fibers connected to pump lasers 225, fiber 221 and fiber 
227. 

[0055] Converter 230 includes input optics 240, an optical parametric oscillator 
(OPO) 250, and output optics 260. Input optics 240 accept the output beam B from 
amplifier 220 and provide properly polarized and focused light to OPO 250. Output 
optics 260 accepts the output of OPO 250, and filters the OPO output to form beam 10. 
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[0056] Input optics 240 include a fiber port 241 adapted to accept beam B, a lens 
243, a half-wave plate 245 and a Faraday isolator 247. As described subsequently, half- 
wave plate 245 and Faraday isolator 247, along with half-wave plate 217 and Faraday 
isolators 213 and 215, are used to provide the cavity of OPO 250 with properly polarized 
light and prevent light from back propagation through light source 110. 

[0057] OPO 250 and output optics 260 are shown in greater detail in FIG. 4. 
Amplified beam B enters the cavity of OPO 250 as a pump beam P. OPO 250 includes 
two curved mirrors 251 and 255, two flat mirrors 257 and 259. OPO 250 also includes as 
a nonlinear optical material a 50-mm-long PPLN crystal 253 within the optical path and 
between mirrors 251 and 255. Crystal 253 has nonlinear optical phase-matching 
properties that result from varying periodicities in the orientation of the crystallographic 
axis that vary in period from 29.3 to 30.1 urn in a "fan" pattern. 

[0058] As described subsequently, the output wavelength of OPO 250 is adjusted by 
moving crystal 253 within the pump beam, which in turn modifies the interaction of the 
pump with the periodicity of the crystallographic axis to adjust the signal and idler beam 
wavelengths. The design of OPO cavities of this configuration is described in Bosenberg 
et al (Opt. Lett. 21 1336 (1996)). The use of PPLN is described in U. S. Patent No. 
5,434,700 to Yoo, and the construction and use of fan patterned PPLN crystals is 
described in U. S. Patent 6,359,914 to Powers, et aL, incorporated herein by reference. 

[0059] The cavity of OPO 250 is preferably operated as a singly resonant cavity at 
the signal wavelength, with cavity mirrors 251, 255, 257, and 259 coated to allow 
efficient resonance of the corresponding signal while efficiently transmitting the pump 
and idler beams. Curved mirrors 251 and 255 transmit the majority of light at the pump 
wavelength X A , which for the preferred light source 210 is the multi-longitudinal-mode 
output of a Nd:YAG laser at about 1 .0641 |im. The wavelengths of the idler and signal 
beams vary according the periodicity and temperature (nominally 180°C) of the PPLN 
crystal in the optical path of the cavity, and can vary between 3. 1 and 3.6 \im for the idler 
and between 1.51 and 1.62 ^im for the signal (or frequencies of 2778 to 3226 cm' 1 for the 
idler and 6173 to 6623 cm* 1 for the signal) . Alternatively, the system can be tuned to 
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have a signal/idler range of from 1 .3 to 4 ^m. 

[0060] Output optics 260 include a pair of dielectric mirrors 261 and 265 and 
corresponding beam stops 263 and 267 to filter light at the idler frequency from the 
output of the cavity of OPO 250. Mirror 261 reflects the light at the frequency of pump 
P, passing light at the frequency of idler I and signal SIG, while mirror 265 reflects light 
at the frequency of signal SIG, passing light at the frequency of idler I. A lens 269 then 
collimates the light to form idler I into beam 10, which has a divergence matched to that 
of the instantaneous field-of-view of the detector in the scanning camera. 

[0061] In general, OPOs include a nonlinear optical material that interacts with light 
of a "pump" beam, P, at a pump frequency, v P , which is optically converted to a "signal" 
beam, SIG, having a signal frequency, v s , and an "idler" beam, I, having an idler 
frequency, vi. The resonance within the OPO provided by the mirrors results in high 
power levels of one or more of the beams within the nonlinear material, which in turn 
more efficiently generates signal and idler beams. The operational threshold of the OPO 
is the pump power at which the gain in signal wave per pass of the cavity exceeds the loss 
at that frequency. Operation at a pump power that is suitably above the threshold results 
in significant conversion of the pump wave to the output waves. 

[0062] The pump, signal, and idler frequencies are related through the conservation 
of energy. Specifically, the energy of a particular photon is proportional to the photon's 
frequency. The energy of a pump photon is equal to the sum of the energies of the 
generated signal and idler photons, or, in terms of photon frequency: v P = Vi + v s . Since 
wavelength and frequency of light are related through v= dk 9 where c is the speed of 
light, the pump wavelength, X ? , idler wavelength, X h and signal wavelength, A, s , are 
related by: l/X ? = 1/Xi+ 

[0063] It is preferred that the idler beam I is provided as beam 10. In particular, 
since the pump beam of OPO 250 includes two or more wavelengths (frequencies) 
corresponding to the output of light source 210, beam 10 is also multi-wavelength, and 
includes one idler wavelength for each pump wavelength. 
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|0064] In the preferred embodiment, OPO 250 includes tuning over a range of 
wavelengths, X, that is useful for matching the absorption bands of various gases. As 
shown in FIG. 4, OPO 250 includes a translator 401 that is manually controlled by the 
operator. Controlling the position of crystal 253 within pump beam P adjusts the 
periodicity of the PPLN crystal, thus adjusting the wavelengths of the signal and idler 
beams. 

[0065] Tuning through the movement of crystal 253 is achieved as follows. Crystal 
253 is aligned for propagation of pump beam P along the x-axis, with periods varying 
along the y-axis from 29.3 to 30.1 urn. The period of the crystal can be adjusted by 
moving the crystal along the y-axis and relative to pump beam P, producing non-linear 
interactions that change the frequency of the signal and idler beam as a function of the 
position of the crystal along the y-axis. Tuning using the fan-shaped PPLN crystal 253 is 
accomplished by manually moving the crystal in the "y" direction as indicated in FIG. 4 
shown by translator 401. This could, eventually, be controlled by computer 101. 
Translator 401 can be a stepper motor or any other mechanism for repeatably and 
controllably translating crystal 253. PPLN crystal 253 has a theoretical tuning range at 
180 °C of about 350 cm" 1 , and can convert pump beam P having a wavelength X P = X A of 
1.06 jam into a signal beam (beam SIG) having a wavelength X s that is adjustable from 
1.53 to 1.62 urn (frequency v s of 6173 to 6536 cm" 1 ) and an idler beam (beam I) having a 
wavelength X\ that is adjustable from 3.1 to 3.5 urn (frequency 2857 to 3226 cm" 1 ) . 
Translating crystal 253 approximately .04 mm moves the OPO gain peak approximately 

4 cm . 

[0066] The operation of OPO 250 is polarization dependent, requiring a pump beam 
that is linearly polarized along the z-axis of the PPLN crystal 253, that is, in a direction 
perpendicular to the plane of FIG. 2. The proper polarization is achieved using Faraday 
isolators 213 and 215 and half-wave plate 217, and half-wave plate 245 and Faraday 
isolator 247, which also isolates the amplifier 220 from the cavity of OPO 250. 

[0067] In alternative embodiments of OPO 250, other tuning elements may be 
placed within the optical path of the pump, signal, or idler beams within the OPO to 
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modify the tuning characteristics of the cavity, as is known in the art. Examples of other 
tuning elements include, but are not limited to moving the various mirrors to increase or 
decrease the path length through the cavity, or inserting air or rotating, solid etalons 
within the cavity. 

[0068] In another embodiment, the spacing and coating of one or more of mirrors 
251, 255, 257, and 259 are modified so that OPO 250 resonates at a different frequency, 
such as that of the idler beam, or is doubly resonant and oscillates in both the signal and 
idler beam frequencies. The mirrors could also be coated to simultaneously resonate both 
the pump and idler beam or the pump and the signal beam, thus resonating the pump in 
the cavity and lowering the threshold of the OPO. 

[0069] There are several features of light source 110 that provide for stable light 
source power and frequency, improved tuning range and power, reduced power 
consumption, and easy serviceability, described below with reference to the above 
described source 210, amplifier 220, and converter 230. Alternative embodiments that 
exhibit these features are possible and will become apparent upon consideration of the 
following. 

[0070] One characteristics of fiber amplifiers is that amplification is limited by 
phenomena parasitic loss mechanisms such as stimulated Brillioun scattering (SBS). 
SBS results in the coupling of a portion of the amplified output wave into a spectrally- 
shifted, backward-propagating beam, a loss of forward power, and instabilities within the 
amplifier that can lead to damage of the pump diodes or of the fiber. SBS occurs above a 
threshold power level, limiting the maximum amount of output power of a fiber 
amplifier. A conflicting characteristic of OPOs is that they have a power threshold that 
must be exceeded to produce frequency shifted light. Both SBS and the power threshold 
of OPOs are determined by the specific configuration and materials of the amplifier and 
OPO. It is thus seen that there are trade-offs in the design of a tunable light source that 
need to be addressed. 

[0071] These trade-offs are effectively addressed by the use of source 210, amplifier 
220, and converter 230, as follows. The SBS threshold energy applies for each frequency 
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of amplified light that is within a characteristic SBS interaction bandwidth. As photons 
at v P travel the length of the fiber, some are scattered by SBS to form photons at v p -v S bs. 
Photons at the new frequency can interact with the pump photons via the SBS coupling to 
create more photons at the new frequency. Thus, the new frequency can grow rapidly to 
significantly deplete the forward propagating wave and cause a disruptive backward 
wave. By providing seed light at more than one frequency the amplifier power at which 
the onset of SBS occurs can be increased. This is a result of the fact that there is a finite 
bandwidth (Av S bs) for the SBS interaction. As a simplified example, providing amplifier 
input at two nearby frequencies (but with a separation greater than Avsbs) each with the 
same SBS threshold energy and amplification factor allows for a doubling of the total 
amplified power. This occurs because the separation between the two frequencies is 
wider than Avsbs; thus, shifted photons from one of the frequencies cannot interact with 
the other frequency and vice-versa. Source 210 preferably produces light at more than 
one frequency that cannot interact with each other via SBS and that have a sufficiently 
narrow envelope to produce an idler beam that is spectrally narrower than the gas to be 
detected. More specifically, light source 210 is operated so that no one of the intensities 
Ii is greater that the SBS threshold power at vj. Since each frequency Vj can be 
individually amplified in amplifier 220, 'the total power of beam B is greater than if the 
output from single mode laser source had been used. 

[0072] In addition, the short gain region of amplifier 220 increases the SBS 
threshold energy. Specifically, the tapered-fiber configuration of amplifier 220 amplifies 
over a short gain region. Amplifier 220 is also preferably operated in a counter- 
propagating operation, where light from pump lasers 225 and light from laser source 221 
are provided to tapered coupler in opposite directions. Counter-propagating operation 
also serves to increase the SBS threshold by minimizing the length of fiber through which 
high power radiation must travel. 

[0073] In addition, the tapered-fiber coupling approach is more amenable to 
replacement of individual pump lasers, and thus provides a BAGI system that is less 
expensive to repair since the failure of an individual pump laser can be repaired by 
replacing the failed laser, and not by replacing the entire amplifier. 
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[0074] As an example of the improved performance obtained with the preferred 
embodiment, laser source 211 produces a beam A having n = 4 separate output 
wavelengths with a total laser output power of 500 mW. Amplifier 220 has six, 915 nm 
pump diodes in a counter-propagating configuration and a gain region length of 8 meters. 
Amplifier 220 produces 10 Watts of output power without inducing SBS. OPO 250 
accepts a pump power of 10W of output power from amplifier 220 and emits between 
400 and 500 mW of idler output. In contrast, the amplified output of a single-frequency 
laser light source is reduced to 4 to 5 W due to SBS. Thus the use of several modes 
allows for a doubling of the output power of the amplifier 

[0075] The ability to operate BAGI system 100 is aided by the lower power 
consumption of amplifier 220. Prior art amplifiers for BAGI systems use 975 nm pump 
lasers. Pumping at 975 nm is an optically efficient choice for a pump laser because the 
Yb absorption is strong at that wavelength. However, the Yb absorption is also spectrally 
narrow, requiring a pump with an output frequency that does not drift during the 
operation of the amplifier. With the diode pump lasers of the prior art, the heating of the 
pump laser during normal operation causes a frequency drift that results in an 
unacceptable loss of power. It is not possible to sufficiently control the temperature of 
pump lasers operating at 975 nm using heat sinks and fans, and thus prior art amplifiers 
for BAGI systems operating at 975 use active temperature control devices, such as TECs, 
to maintain a constant output power. The use of active temperature control devices 
results in a high electrical power demand and in difficulties associated with active power 
control that result in variations of output power and thermal runaway of the TECs. 

[0076] In the preferred embodiment, amplifier 220 includes pump light sources 225 
that have an output wavelength that vary with the operational temperature of the pump, 
but where the fraction of pump light absorbed in gain medium of fiber 221 does not vary 
significantly. In one embodiment, the pump diode wavelength is selected so that it tunes 
over a portion of the rare-earth ion absorption spectrum whose amplitude changes by no 
more than 10% over the expected temperature range, resulting in a variation in output 
power of no more than 10%, over an ambient temperature of about 0 C to about 40 C. 
Changes in the pump wavelength will thus not have a large effect on the output power of 
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the ampler. In one embodiment, for example, a Yb-doped fiber 221 is pumped with a 
pump source 225 having an nominal output at a wavelength of 915 nm. The Yb 
absorption feature at 915 nm is quite broad and, thus, is relatively flat and insensitive to 
changes in the pump diode wavelength. As used herein, the term "relatively flat region" 
refers to a portion of the absorption spectrum of the fiber gain medium having small 
changes with wavelength over some range of wavelengths. As a result of the absorption 
spectrum having a relatively flat region that includes the range of pump output, the 
absorption of the pump radiation by the fiber is nearly complete over a range of 
wavelengths that might be emitted by the pump diode, independent of the operating 
conditions, such as temperature, of the pump diode. The relatively flat absorption feature 
results in a relatively flat gain variation with pump wavelength. It is thus not necessary 
to maintain extreme temperature control of pump source 225 to provide stable output of 
such an amplifier. 

[0077] The benefit of pumping at a wavelength within the relatively flat absorption 
regions of the gain medium, is that, for a gas imaging instrument, the amplifier can be 
operated without active temperature control of the pump diodes. Because such control 
can result in significant electrical power consumption, its elimination can make the gas 
imaging instrument significantly more efficient. If the pump diodes are selected to emit 
an appropriate wavelength near 915 nm when they are at their steady state operating 
temperature, the absorption of the diode pump light by the amplifier will be near 
complete over a wide range of ambient temperatures. Thus, it is not necessary to actively 
control the pump diode temperature. More specifically, when using a 915 nm pump 
source, amplifier 220 requires only air-cooling - that is movement of the surrounding air 
about the amplifier, or heat sinks on the amplifier, to provide cooling, without the need 
for active temperature control components, such as TECs, are required for cooling the 
pump lasers. The net electrical requirement, including the power to operate the pump 
lasers and the power to cool the lasers is markedly less than the power requirement for 
975 nm pumped amplifiers. In addition, since amplifier 220 does not require active 
control using TECs, there are no thermal runaway problems as experienced with prior 
amplifiers. 
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[0078] As an example of the operation of amplifier 220, preferred BAGI system 100 
was tested in an environmental chamber at temperatures ranging from 15 C to 40 C. No 
variation in output power was noted over this temperature range. The preferred BAGI 
system was then compared to a system having an amplifier operating at 975 nm. Despite 
the additional power required to drive the extra pump diodes, the total power requirement 
of the inventive amplifier decreased due to the elimination of the TECs. The total BAGI 
system power requirement for a system having 975 nm pump sources was about 240 W, 
while the total power requirement for BAGI system 100 was about 160W. 

[0079] As an alternative embodiment amplifier 220, the gain medium absorbs nearly 
all of the output from pump lasers 225 over the operational temperature range of the 
pump lasers. This can be accomplished, for example, with a fiber gain medium that is 
either long enough, while avoiding SBS, or that has a high enough absorbing species 
concentration to absorb a significant portion of the input pump light. Variations in the 
output wavelength of the pump lasers will thus not affect the gain of amplifier 220. 

[0080] One benefit of the high optical output of amplifier 220 is improved 
performance and reliability of converter 230. As noted previously, crystal 253 requires a 
threshold of power to generate beam 10, and also requires some amount above the 
threshold to operate stably. The inventive laser source 210 and amplifier 220 provide 
power to beam B that is approximately 2.5-3.3 times the threshold. This power level 
provides for reliable operation of OPO 250. In addition, higher operating powers result 
in stable operation that was less dependent on the crystal and coating quality, which in 
turn increases the yield of acceptable crystals, and improved tuning range. 

[0081] As one example of a preferred embodiment BAGI system 100, laser 211 is a 
C W seed laser, such as an Nd-based laser, emitting about 4 modes each having a narrow 
spectral output of less than about 100 MHz width near 1064 nm, and a total (all modes) 
output power of approximately 500 mW. Amplifier 220 preferably has six pump diodes 
(N = 6) and provides 24 W of pump power to produce approximately 10 W of output 
power at a wavelength of 1064 nm from a laser 211 seed input provided into the fiber of 
300-400 mW. This output from amplifier 220 is more than 2.3 times the power required 
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for stable operation of OPO 250. 



ALTERNATIVE EMBODIMENTS 

[0082] There are several embodiments of light source 110 that are within the scope 
of the present invention. Tuning of beam 10 can result from tuning one or more of the 
elements of light source 110. Thus, for example, a fixed-wavelength light seed 210 can 
be coupled with a tunable non-linear material of converter 230, a wavelength tunable 
light seed, adjustable through the control of computer 101, can be coupled with a fixed 
non-linear material of the OPO, and two or more fixed-wavelength light seeds of 
different wavelengths can provide light to a fixed-wavelength or a wavelength tunable 
OPO. When tuning wavelengths, it is preferable that the tuning occurs in a time that is 
less than the scanning time of a pixel of camera 131. Thus, for example, a wavelength 
tunable seed laser that produces an output that dithers between two wavelengths on 
alternate camera scans can be used to produce alternating images at the two wavelengths. 

[0083] An example of an alternative embodiment light source with two or more 
separate light sources is illustrated in the schematic diagram of FIG. 5. An alternative 
seed light source 210' as shown in FIG, 5 can include three, separate light sources 210, as 
described previously, that each generate one of beam A-l, A-2, or A-3. Source 210 f also 
includes a computer controlled optical switch 501 that discriminates or selects from 
among the three beams (A-l, A-2, and A-3), and directs one of these as beam A f into 
amplifier 220. 

[0084] Many other embodiments are within the scope of the present invention. 
Embodiments of light seed source 210 include, but are not limited to, a solid-state laser, 
such as a Nd:YAG laser, or a diode light source. Embodiments of amplifier 220 include, 
but are not limited to, a fiber-amplifier employing a fused and tapered fiber bundle, one 
or more V-groove elements for coupling amplifier pump laser light into the amplifier, and 
the use of polarization maintaining gain fiber. Embodiments of OPO 250 include, but are 
not limited to, OPOs that are singly resonant with either the signal or the pump beams, or 
that are doubly resonant with the signal and pump beams. 

[0085] Other embodiments within the scope of the present invention include 
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replacing light seed 210 and amplifier 220 with a sufficiently narrow fiber laser pump or 
fiber Raman laser pump, replacing the amplifier with a fiber Raman laser pump, the use 
of a fiber Raman amplifier or fiber amplifier within light source 110, and an OPO that is 
a waveguide PPLN OPO. The OPO can also use other quasi-phasematched nonlinear 
crystals to access similar or different wavelength ranges for gas imaging. Such crystals 
include periodically-poled potassium titanyl phosphate (KTiOP0 4 , or KTP), potassium 
titanyl arsenate (KTiOAs0 4 , or KTA), lithium tantalate, Rubidium titanyl arsenate 
(RbTiOAs0 4 , or RTA), and GaAs. The last crystal is particularly interesting to allow 
tuning at longer wavelengths. Alternate embodiments also include the use of 
birefringently-phasematched nonlinear materials in the frequency converter, and 
nonlinear converters that are not OPOs, such as difference-frequency generators or 
Raman shifters. 

[0086] The present invention includes a light source of a BAGI system that provides 
for a portable device for remotely detecting a variety of gases. The embodiments 
described above are illustrative of the present invention and are not intended to limit the 
scope of the invention to the particular embodiments described. Accordingly, while one 
or more embodiments of the invention have been illustrated and described, it will be 
appreciated that various changes can be made therein without departing from the spirit or 
essential characteristics thereof. For example, while the present invention describes the 
use of 915 nm pump lasers in an amplifier, other pump wavelengths may also result in an 
amplifier that does not need active cooling. Accordingly, the disclosures and descriptions 
herein are intended to be illustrative, but not limiting, of the scope of the invention, which 
is set forth in the following claims. 
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